Ultrastructural changes during the germination of spores of the actinomycetes Microbispora rosea, Microellobosporia flavea, Micromonospora melanosporea, Micropolyspora faeni and Streptomyces ostreogriseus were studied. The thickness of mature spore walls and the number of layers distinguishable in them varied between species. In all cases, swelling of spores occurred during germination and existing wall layers either stretched or ruptured.
I N T R O D U C T I O N
Studies of the fine structure of actinomycete spores during germination have been confined to the genera Streptomyces (Hagedorn, 1960 Kalakoutskii & Agre, 1973) . The latter genus forms endospores which behave in a similar way to those of Bacillus, a new wall layer being synthesized inside the cortex of the spore and extending to form the germ-tube wall. In the Streptomyces species studied, the spores had a two-layered wall and the inner one extended to form the germ-tube wall. It is not clear if this layer is newly synthesized during germination or if it is formed by reorganization of wall material existing in the dormant spore.
Ultrastructural changes during the germination of fungal spores have been studied more extensively. Most fungi fall into one of two groups: (i) those in which the germ-tube wall is formed from a layer which is synthesized de n o w within the existing spore wall; (ii) those in which the germ-tube wall is formed by extension of a wall layer already present in the dormant spore (Bartnicki-Garcia, 1968) . Some conflicting results have been obtained and closely related species have been reported to fall into different groups (Khan, 1975) . This may be partly due to the use of different fixatives, potassium permanganate giving inferior results to those obtained with osmium tetroxide or aldehydes (Border & Trinci, 1970; Gull & Trinci, 1971) . Marked changes in spore wall layers can also be induced by hydration during specimen preparation (Florance, Denison & Allen, 1972) .
In the present study, ultrastructural changes during germination of spores of various actinomycete genera were followed. Results were compared with those previously obtained with fungi. 
METHODS
Strains and cultivation conditions. Details of the organisms used are given in Table I . Spores of Micropolyspora faeni were produced by growing cultures on plates of nutrient agar (Oxoid) at 45 "C for 2 days. All other strains were grown on oatmeal agar at 25 "C for 2 to 3 weeks.
Spores were harvested from the plate cultures, washed twice in sterile distilled water and transferred to 10 ml nutriena broth (Difco) in test-tubes. These were incubated for 24 to 48 h at 25 "C (45 "C for Micropolyspora faeni).
Ultra-thin sections. Spores incubated in nutrient broth and unincubated spores washed in sterile water were examined. The latter were used to determine the structure of mature, ungerminated spores. The spores were sedimented by centrifuging, washed twice in veronal acetate buffer (PH 6.1), fixed in I % (w/v) osmium tetroxide in buffer for 16 h at room temperature and then washed in 0.5 % (w/v) uranyl acetate solution for 3 h.
Fixed spores were resuspended in 0.03 m12 % (w/v) molten agar at 45 "C and mixed on a slide. When the agar drop had set, small blocks were cut out and dehydrated by passage through a graded series of ethanol-water mixtures. They were then embedded in a low viscosity resin (Spur, 1969) as recommended by Gull & Trinci (1g71), and sectioned. Sections were picked up on formvar-coated grids and stained with 2 % (w/v) uranyl acetate for 30 min and with lead citrate (Reynolds, 1963) for 5 to 15 min. After staining, sections were washed for 30 s in distilled water and left to dry in air. Specimens were examined using an EM6B electron microscope (A.E.I.) at 60 kV. Measurements were carried out on prints using a calibrated magnifier.
RESULTS

Spore germination in Streptomyces ostreogriseus
Mature spores had a mean diameter of 0.65 pm, and electron-dense contents in which it was dificult to distinguish nuclear material or ribosomal granules (Fig. I) . Their walls were 50 to 60 nm thick, increasing to 1 0 0 to 200 nm at the poles where intersporal pads had Spore germination of actinomycetes 325 * Value for stretched wall calculated using formula of Gull & Trinci (1971) .
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developed, and consisted of a single layer with an outer electron-dense zone (I 3-26 nm) and an inner lighter zone.
During germination, the spore diameter increased to 0.8 pm, giving a 23 % increase in surface area. If there was no synthesis of wall material during this process, the existing wall would be stretched and hence become thinner. The theoretical thickness of the stretched wall can be calculated (Gull & Trinci, 1971 ) from the equation t, = td x (~o o / S ) , in which t, is the thickness of the wall after swelling, td is the thickness of the dormant spore wall, and S is the surface area of the swollen spore expressed as a percentage of the dormant spore surface area. The calculated value for the thickness of the swollen spore wall was close to that observed ( Table 2 ), indicating that synthesis of new wall material had not occurred during swelling.
Initially, the walls of swollen spores were almost homogeneous but eventually became clearly differentiated into an outer and inner layer, each 10 to 12 nm in thickness (Fig. 2) . On germination, the outer one ruptured at the point of emergence while the inner layer developed to form the germ-tube wall (Figs. 3 and 4) . Remnants of the fibrous sheath in which the spores formed persisted around swollen spores (Fig. 2 ) but were absent from the germ-tube surface. Nuclear material and ribosomal particles were clearly visible in germinating spores and mesosomes were common (Fig. 4) .
Spore germination in Micropolyspora faeni
Mature spores had a mean diameter of 1.0 pm, were partially enclosed in a sheath, and had electron-dense contents. The walls were quite thick (70 to IOO nm) and consisted of a faint outer zone (10 to 20 nm) and an inner less dense zone (60 to 80 nm) (Fig. 5) .
The diameter of spores increased to I to 2 pm during germination, giving an increase of 39 % in surface area. The thickness of the wall decreased to 40 to 80 nm which was close to the value calculated assuming no synthesis (Table 2) . At this stage the appearance of the spore wall was unchanged except for occasional thinner points and breaks in the sheath, possibly representing points of eventual germ-tube emergence (Fig. 6 ). Where the germtube emerged, central cleavage of the wall produced two layers, an inner one continuous with the germ-tube wall and an outer one which ruptured (Fig. 7) . Remains of the sheath were still visible but it played no part in the germination process, Nuclear material and ribosomal particles were clearly visible in germinating spores. 
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Spore germination in Microbispora rosea Mature spores had a diameter of 1.0 pm with walls 65 nm in thickness, consisting of several zones of different electron-density (Fig. 8) . Study of spore formation indicated that the wall consisted of two major layers : the inner layer (23 to 26 nm) was derived from the parent hyphal wall whereas the outer one (26 to 33 nm) was laid down during spore formation. Spore development occurred within a fibrous sheath but only remnants of this persisted (Fig. 9) . Nuclear material was prominent in mature spores and sometimes finely granular bodies (possibly storage material) were observed (Fig. 9) .
The diameter of spores increased to 1.5 pm during germination, resulting in a 124 % increase in surface area. Swollen spores were bounded by two wall layers, the inner (8 to 15 nm) being continuous and the outer (20 to 33 nm) ruptured (Fig. 10) . The calculated value for the thickness of the inner layer was similar to that observed ( Table 2 ), indicating that stretching rather than synthesis of wall material occurred. The outer layer appeared to be inextensible and ruptured to allow swelling of the spore. The inner layer eventually extended to form the germ-tube wall (Fig. 11) . The contents of germinated spores were similar to those of dormant ones but lacked the finely granular bodies,
Spore germination in Micromonospora melanosporea
Mature spores were 0.6 pm in diameter with a wall consisting of an outer layer (10 nm) and an inner one (50nm) (Fig. 12) . Localized thickening of the latter was sometimes present, giving the spore an angular shape (Fig. 13) . No sheath was present at any stage of spore development. Spores contained nuclear material, ribosomal granules and mesosomes (Fig. 13) .
During germination, the spore diameter increased to I '0 to I -2 pm, giving an increase of 177 to 307 % in surface area. The thickness of the inner layer of the wall decreased to a value close to that calculated for stretching ( Table 2 ). The outer layer appeared to be relatively inextensible and ruptured during swelling of the spore. The germ-tube wall was formed from the inner layer of the spore wall (Fig. 14) , and soon after its emergence, cross walls developed to separate it from the spore. Spherical electron-light areas were common in germinating spores.
Spore germination in Microellobosporia Jlavea
Mature spores were slightly ovoid in shape, measuring about 1-7 x 2.2 pm, and partially enclosed in the prominent sheath in which they developed. Their contents were very dense Fig. I . Mature spores in sheath (S) with outer (0) and inner zone (I) in walls. Fig. 2 . Swollen germinating spore with remains of sheath ( S ) and distinct outer (0) and inner (I) wall layers. Fig. 3 . Emergence of germ-tube (G) with rupture of outer layer (0) and continuity of inner layer (I). Fig. 5 . Wall of mature spore showing indistinct outer (0) and inner zone (I). Fig. 6 . Wall of swollen germinating spore with break in sheath (S) at point of possible germ-tube emergence (GE). Note indistinct outer (0) and inner zone (I). Fig. 7 . Emergence of germ-tube (G) with rupture of outer layer (0) and continuity of inner layer (I). Fig. 8 . Wall of mature spore with distinct outer (0) and inner layer (I). Fig. 9 . Mature spore with indistinct sheath (S), nuclear material (N) and granule (G). Fig. 10 . Swollen germinating spore with ruptured outer layer (0) and intact inner layer (I). Fig. 11 . Emergence of germ-tube (G) with rupture of outer layer (0) and continuity of inner layer (I). Fig. 12 . Mature spore with angular wall showing outer (0) and inner layers (I). Fig. 13 . Mature spore with mesosome (arrow) and nuclear material (N). but sometimes large granules associated with vacuole-like areas were observed. The spore wall was single-layered with a thickness of 50 to 80 nm (Fig. 15) . The germinating spores increased in size to 1.8 x 3.0 pm. Unlike the other organisms studied here, the spore wall increased in thickness, reaching 70 to IOO nm ( Table 2 ). The walls of germinating spores consisted of an outer zone and an inner, more electron-dense zone (Fig. 16) . The development of the inner zone (15 to 20 nm) was responsible for the overall increase in wall thickness. It was this newly synthesized layer which formed the wall of the germ-tube, the other layer rupturing at the point of emergence (Fig. 17) . The sheath persisted throughout germination and appeared to extend around the young germ-tube. Germinating spores contained nuclear material and ribosomal particles but lacked the granules and vacuoles present in dormant spores.
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Micromonospora melanosporea
The behaviour of the spore wall layers during germination of each organism is summarized in Fig. I 8. 3 30 Fig. 15 . Homogeneous wall (w> of mature spore with distinct sheath (S). Fig. 16 . Wall of swollen germinating spore with outer (0) and inner layer (I). Spore germination of actinomycetes 331
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DISCUSSION
The first indication of germination in all the organisms studied was an increase in the size of the spore, a feature which is common to many fungal spores. Spore contents were sometimes difficult to distinguish in the dormant condition, but nuclear material and ribosomal particles were generally visible in germinating spores. Granules, probably representing storage materials, were sometimes visible in mature spores but disappeared during germination. Mesosomes may have been expected to be present in highly active germinating spores and germ-tubes, but they were common only in Streptomyces ostreogriseus.
The behaviour of spore walls during germination varied and three categories could be recognized : (i) the germ-tube wall arose from a wall layer synthesized de novo during germination within the existing spore wall (e.g. Microellobosporia JEavea) ; (ii) the germ-tube wall arose from an existing inner layer of the spore wall but this did not become distinguishable until germination was initiated (e.g. Micropolyspora faeni, Streptomyces ostreogriseus) ; (iii) the germ-tube wall ai ose from an inner layer of the spore wall which was distinguishable in the dormant spore (e.g. Microbispora rosea, Micromonospora melmosporea). These categories are similar to those recognized in fungi, the main distinction being between germtube walls which arise from newly synthesized material and those arising from material existing in dormant' spoies (Bartnicki-Garcia, I 968). Previous studies on other Streptomyces species and Thermouctinomyces vulgaris indicate that they fall into categories (ii) and (i) respectively.
There was no appaient correlation between the behaviour of spore wall layers and the chemical composition of the wall. Streptomyces and Microellobosporiu have the same wall composition (Lechevalier & Lechevalier, I 970), but the species studied here behaved differently during germination. On the other hand, Streptomyces spores behaved similarly to those of Micropolyspora, although there are differences in their wall compositions. Similarly, the modes of germination did not seem to have any taxonomic significance. Although it has been suggested that certain groups of fungi have characteristic modes of spore germination (Bartnicki-Garcia, 1968)~ Khan (1975) concluded that as yet no clear taxonomic significance has been established.
Study of spore germination in five actinomycetes has therefore shown many similarities with fungi. Examination of more actinomycete genera is now required to evaluate the consistency of the patterns of behaviour noted here.
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